The properties of building envelopes significantly affect indoor building energy consumption, indoor thermal comfort, and building durability. In the current standards for Japanese residential energy efficiency, insulation placement is not well regulated. Meanwhile, it is common in Japan to use air-conditioning intermittently, rather than having the units operate continuously. Therefore, considering specific Japanese lifestyles, we investigated insulation performance. In this research, we: (1) developed the interior insulation to include insulation on walls, ceilings and floors of building units (all of the interior surfaces) to achieve building energy savings by avoiding heat loss through thermal bridges; (2) discussed and demonstrated the effects of high heat capacitance for each of the building components and the thermal bridge by conducting building environmental simulations; (3) conducted simulations in seven cities in Japan and discussed the applicability of these different weather conditions; and (4) compared temperature distributions to investigate differences in indoor comfort with partial heating on winter nights. We demonstrated the energy saving and thermal comfort advantages of interior insulation. This research provides an innovative insulation style based on Japanese lifestyles that contributes to new energy-saving standards and formulations.
Introduction
In 1999, the Japanese Institute for Building Environment and Energy Conservation established the residential energy efficiency standard to specify the performance of building envelopes and overall thermal loss. The construction of insulation material was not investigated or regulated, however. After that, the "Act of the Rational Use of Energy" (May 2008) and the "Energy-Saving Standards for Houses and Buildings" (January 2009) were enacted [1] . These acts, however, were not proposed for improving energy saving levels at residential units. Therefore, it is necessary to clarify the properties of various insulation styles in apartment units and the mechanism of effects from insulation on thermal comfort and energy use [2] . Meanwhile, it shows that building envelopes with high insulation properties should be introduced to the building exterior walls, floor slabs and the other components of the building envelope [3] . This guideline does not indicate details about the differences between insulation styles with an environmental variation and does not mention the effects of thermal bridges. The indoor thermal environment should be coordinated, which is determined by thermal comfort [4] .
Previous studies have demonstrated the influence of building envelope thermal mass. High thermal capacitance could maximize time lag and decrement factor values and temperature variations [5] . The effects of thermal mass are also reflected in indoor energy consumption. It has been found that increasing the thickness of the concrete external walls could lead to an increase in the cooling load [6] . The detailed insulation performance with various insulation types and thickness has been investigated [7] . Methods of using exterior wall-heating characteristics to decrease indoor energy consumption have also been developed and demonstrated [8] .
By implementing an insulation layer at the inside or outside of external walls, it could be possible to control the effects from building envelope thermal mass. In research conducted in Hong Kong, it was found that an increase in thermal capacitance was beneficial to a reduction in peak cooling load. Moving the insulation from the inside to the outside of the external walls could lead to 1.8% reduction in peak cooling load. Annual cooling energy consumption, however, does not behave like the peak cooling load with respect to increases in effective thermal capacitance. Maximum savings were achieved when thermal capacitance was minimized by placing the insulation on the inner surface of the external wall [9] . The best thermal performance and lowest energy consumption were obtained when insulation was placed in both the outdoor surface and indoor surface of the external walls [10] or even in the middle of the walls [11] . An optimum insulation style could improve indoor thermal comfort and reduce building energy consumption. Many studies have discussed the thickness and the placement of insulation materials, but few of these studies have considered insulation implementation as a building insulation system.
Conversely, the presence of isolated thermal bridges in building envelopes, such as balconies and penetrating insulation layers, influence the energy consumption and thermal comfort of the residents [12] . The total impact of thermal bridges on the heating energy need can be as high as 30%. In Northern and Central Europe, all countries have national regulations that consider the influence of thermal bridges for new buildings. In Southern Europe, 75% of countries have these regulations [13] . Introducing a balcony thermal break either above or below balcony components in a high-rise building in Toronto could improve the overall U-value by 9-18%. The space heating energy consumption could be reduced by 5-13% and space-cooling energy consumption could be improved by less than 1% [14] . In Japan, mitigation methods for building thermal bridges were introduced in the residential energy-saving guidelines [1] , but the effects from isolated thermal bridges have not been avoided completely. Meanwhile, the ratio of apartment to house energy used in a business-as-usual (BAU) scenario will reach 50.0% in 2025, which accounts for a significant portion of the energy consumption of Japanese dwellings [15] . The thermal bridges in apartment buildings is an important topic for building energy savings; however, the feasibility of insulation methods in various climate zones has been discussed separately [16] . The climate varieties should be considered when evaluating the method.
This research aimed to improve the indoor thermal environment and energy consumption by comparing insulation styles: external walls outside insulation; external walls inside insulation; and an innovative insulation style, interior insulation, focusing on mitigating the negative effects of the building envelope thermal mass and thermal bridges. We compared the three insulation styles using an indoor thermal environmental simulation. We used thermal load calculation software (THERB) to simulate room air temperature, interior wall surface temperature, and the unit operative temperature while adjusting conditions such as climate characteristics for various locations (e.g., Naha, Miyazaki, Tokyo, Toyama, Sendai, Hachinohe and Sapporo). This research contributes to the optimization of sustainable building standards in Japan, and also provides suggestions for other countries.
Materials and Methods

Environmental Simulation Method
To evaluate the indoor environmental performance, we introduced the THERB software for simulation. THERB is an environmental simulation program that can simulate sensible temperature, humidity, temperature, and air-conditioning (AC) energy use for housing units [17, 18] . The features of THERB follow. 
•
Successive transition methods and a trapezoid hold function can adjust to a time-discrete domain.
• Dimensionless equations calculate convective heat transfer coefficients for every part of the unit under study.
Longwave and shortwave absorption coefficients are considered to simulate the net absorption of radiant heat and transmitted solar radiation.
• A multilayer window model defines the overall transmittance, absorptance, and reflectance of solar radiation (not including window curtains.) • A network airflow model calculates ventilation quantities.
Investigated Model
The apartment unit model for this simulation was a common dwelling in a residential complex in Tokyo, Japan. The model was presented in the Journal of Architectural Knowledge (2004) and represents a realistic layout of Japanese apartment housing. We selected a middle-floor unit located at the center of the floor for the simulation. The floor plan is shown in Figure 1 , and the details of three insulation types are shown in Figure 2 .
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Wall Insulation Styles
Interior insulation on an exterior wall was the common insulation style in Japan during the 1980s. In most inside insulation, however, dewing occurred on the inside of the wall. This dewing occurred due to the low-quality construction of that time. Subsequently, outside insulation has become more common in Japan, but the performance of outside insulation relative to indoor thermal comfort and annual energy consumption in comparison with inside insulation styles is still debatable. Therefore, based on existing insulation styles, we proposed the promotion of interior insulation. In this research, we compared this insulation with the other two insulation styles.
This style of interior insulation insulates the surfaces exposed to outdoor air and also insulates the whole inside of the building, including confining walls, flooring, and ceiling. Following the NextGeneration Energy-Saving Standards, we determined the thickness of the insulation according to materials and locations. We used three types of Class A Extruded Polystyrene Foam as the insulation materials in this research. The location and details of the insulation materials are shown in Figure 2 and Table 1 .
Heat Loss Evaluation
In Japan, current standards only indicate the environmental property of insulation on floors and exterior walls. Related regulations, however, do not mention the interior walls and ceiling. Despite this, the high capacity of building components and thermal bridges affect the energy consumption and indoor thermal comfort. Therefore, we calculated the thermal transmittance and thermal resistance of the units, and the results are shown in Table 2 . We also calculated and compared the total heat loss caused by thermal transmittance and the results are shown in Table 1 . 
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Heat Loss Evaluation
In Japan, current standards only indicate the environmental property of insulation on floors and exterior walls. Related regulations, however, do not mention the interior walls and ceiling. Despite this, the high capacity of building components and thermal bridges affect the energy consumption and indoor thermal comfort. Therefore, we calculated the thermal transmittance and thermal resistance of the units, and the results are shown in Table 2 . We also calculated and compared the total heat loss caused by thermal transmittance and the results are shown in Table 1 .
As the results show in Tables 1 and 2 , the thermal transmittance through the thermal bridge is more than seven times that through the exterior walls. According to the thermal bridge locations identified in Figure 2 , these thermal bridges can be found in the connections between the interior walls and pillars and between exterior walls and the floor. With interior insulation, no thermal bridge occurred because of the consecutive insulation on all interior surfaces. Compared with the amount of heat loss through the unit envelope of the three units, the inside insulation unit was slightly higher than the outside insulation unit. In the outside insulation unit, there is no thermal bridge between the interior walls and the pillars. Due to the optimization achieved in regard to this thermal bridge, the heat loss in the interior insulation unit was around 40% lower than the loss in the existing outside and inside insulation units. Heat loss through the exterior walls changed slightly with insulation thickness, which is shown in Table 3 . In addition, the building envelope's thermal properties of the whole unit and the complete insulation combination for each of the building components are important. 
AC Energy Use in Different Climate Zones
Simulation Conditions
The input weather data for the simulation were from Expanded AMeDAS Weather Data [19] . We simulated and discussed the impacts of varied climate characters. As shown in Figure 3 , six climate zones from north to south are indicated in Japanese Next-Generation Energy-Saving Standards, and we selected seven target cities located in six climate zones for discussion in this research.
According to the climate zones, the recommended insulation material thicknesses for the inside and outside of the exterior walls have been indicated in the housing energy-saving standards in Japan [1] . Details about the various insulation material thicknesses that were used in this research are given in Table 3 . Heating and cooling periods varied according to the different weather characteristics of the seven cities. We identified the heating and cooling period according to the monthly average temperature (higher or lower than 15 • C). The setting temperature is 20 • C (heating) and 26 • C (cooling), respectively, and the percentage humidity is 40% (heating) and 60% (cooling) respectively. Table 4 shows various AC setting patterns in the seven cities. For investigating how lifestyles affect AC load, we designed four different AC usage patterns to compare residents with different lifestyles. The internal heat generation is shown in Table 5 , and the AC schedules are listed in Table 6 . These usage patterns follow.
1.
No one was home during the day, and the AC was not used during sleeping hours (a couple with dual-income, no kids-DINK).
2.
No one was home during the day, and the AC was not used during sleeping hours (a family consisting of a husband, a full-time housewife, and a primary school child).
3.
No one was home during the day, and the AC was used during sleeping hours (an elderly couple).
4.
The AC was used 24 h a day.
Additionally, the ventilation system is operated every two hours in all of the rooms, and also the automatic ventilation on an as-needed basis in different rooms. Figure 4 shows that the annual heating energy use in warm cities was lower than the annual heating load in cold cities. Compared among the AC usage patterns, the heating energy use of an outside insulation unit was, on average, 0.9% higher than that of an inside insulation unit. The heating Table 4 . Air-conditioning (AC) periods in seven cities [4] . Figure 4 shows that the annual heating energy use in warm cities was lower than the annual heating load in cold cities. Compared among the AC usage patterns, the heating energy use of an outside insulation unit was, on average, 0.9% higher than that of an inside insulation unit. The heating energy use of an outside insulation unit was, on average, 29.7% higher than the heating energy use of an interior insulation unit. The highest decreased rate was observed in Miyazaki according to AC usage pattern 4, reaching up to 45.5%. Generally, the heating load reduction rate in southern cities was lower than the rate in northern cities.
Energy Consumption Variation in Different Climate Zones
Looking at the cooling energy use, the load in southern cities was higher than that in northern cities. Other than the case of Naha using AC usage pattern 1, the cooling load of an outside insulation unit was lower than that of an inside insulation unit. The cooling energy use in an outside insulation unit was on average, 3.7% lower than the energy use in an inside insulation unit. In an outside insulation unit, the cooling energy use was mostly lower than the energy use in an interior insulation unit. In Sapporo using AC usage pattern 1, the cooling load of an interior insulation unit was 56.3% higher than that of an outside insulation unit, which was the highest load in all of the cases. When using AC usage pattern 4 in Tokyo and Miyazaki, and using AC patterns 3 and 4 in Naha, the cooling loads were higher in outside insulation units compared with loads in interior insulation units. Cooling load differences among these three types of insulation were smaller than the heating load in the winter.
The results for annual AC load show that mostly all of the AC energy use in Sapporo is used for heating. More than 90% of the annual AC load is used for heating in Hachinohe and Sendai. Meanwhile, the annual heating load is below 15% of the annual AC load in Naha. Therefore, the main issue for building energy savings is to identify solutions to reduce the heating load in northern cities and to identify solutions to reduce the cooling load in southern cities.
The annual AC load in warmer cities was lower than the annual load in colder cities, because energy consumption for heating accounts for the most significant portion of annual AC energy use. Considering the same AC usage in the same location, the AC energy use of an inside insulation unit was lower than that of an outside insulation unit. Given the three insulation styles, annual AC energy use of an interior insulation unit was lower than for all other cases. On average, the annual AC energy use of an outside insulation unit was only 0.5% higher than that of an inside insulation unit. The AC energy use of an outside insulation unit was on average 25.8% higher compared to an interior insulation unit. The AC energy use with a decreased rate between interior and outside insulation styles in Hachinohe, using AC usage pattern 4, which reached 39.7%, is the highest out of all the cases.
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The annual AC load in warmer cities was lower than the annual load in colder cities, because energy consumption for heating accounts for the most significant portion of annual AC energy use. Considering the same AC usage in the same location, the AC energy use of an inside insulation unit was lower than that of an outside insulation unit. Given the three insulation styles, annual AC energy use of an interior insulation unit was lower than for all other cases. On average, the annual AC energy use of an outside insulation unit was only 0.5% higher than that of an inside insulation unit. The AC energy use of an outside insulation unit was on average 25.8% higher compared to an interior insulation unit. The AC energy use with a decreased rate between interior and outside insulation styles in Hachinohe, using AC usage pattern 4, which reached 39.7%, is the highest out of all the cases. Figure 5 shows the cooling load and temperature changes using AC usage pattern 2. Firstly, this figure indicates the thermal effects from the heat capacity of the building envelope. The peak value of the outdoor air temperature occurred between 12:00 a.m. and 3:00 p.m., and reached up to 30°C. The highest temperature value of the wall surface in an outside insulation unit was around 6:00 p.m., which was delayed by 3-6 h to the peak of outdoor air temperature. Therefore, we demonstrated that the high heat capacity of the building envelope stored the heat during the peak time and released the heat after that the peak. In an interior insulation unit, the peak time of the interior surface temperature was the same as the outdoor air temperature, and the temperate difference between the interior wall surface and the indoor air temperature was very slight when the AC was turned on. This is to say, a lower heat capacity of the building envelope contributed to greater control of indoor thermal conditions and reduced the cooling load on summer days. On these two summer days, the total Figure 5 shows the cooling load and temperature changes using AC usage pattern 2. Firstly, this figure indicates the thermal effects from the heat capacity of the building envelope. The peak value of the outdoor air temperature occurred between 12:00 a.m. and 3:00 p.m., and reached up to 30 • C. The highest temperature value of the wall surface in an outside insulation unit was around 6:00 p.m., which was delayed by 3-6 h to the peak of outdoor air temperature. Therefore, we demonstrated that the high heat capacity of the building envelope stored the heat during the peak time and released the heat after that the peak. In an interior insulation unit, the peak time of the interior surface temperature was the same as the outdoor air temperature, and the temperate difference between the interior wall surface and the indoor air temperature was very slight when the AC was turned on. This is to say, a lower heat capacity of the building envelope contributed to greater control of indoor thermal conditions and reduced the cooling load on summer days. On these two summer days, the total cooling load was about 7.6% lower in the interior insulation unit compared with the cooling load in the outside insulation unit.
Heating
Indoor Thermal Environment and Energy Consumption
After turning off the AC after 11:00 p.m., the LDK (living room, dining room, kitchen room) air temperature rapidly increased close to the exterior wall surface temperature in an outside unit. At 1:00 a.m., the LDK temperature increased to 26.8 • C. Meanwhile, the LDK temperature was more stable in the interior insulation units. At 1:00 a.m., the LDK temperature increased to 26.3 • C, which was about 0.5 • C lower than the temperature in the outside insulation unit. Between turning off the AC at 11:00 p.m. and turning it on again the next day morning at 7:00 a.m., the LDK temperature in the outside insulation unit increased to 26.9 • C, and it increased to 27.0 • C in the interior insulation unit.
As shown in Figure 5 , the exterior wall surface temperature did not vary with the outside air temperature or the LDK air temperature during the daytime. Even when the AC was turned off after 9:00 a.m., the high thermal storage capacity of the concrete wall kept the indoor temperature from increasing quickly. Therefore, the lower indoor air temperature reduced the cooling load during that first hour when the AC was turned on. In the case of the interior insulation unit, however, the wall surface temperature increased significantly. For cooling the LDK air temperature, the cooling load of the interior insulation unit was higher than that of the outside insulation unit during the first hour when the AC was turned on. It was lower, however, after the room cooled down to 26 • C. The total cooling load on these two days for the interior insulation unit was about 9.9% lower than that in the outside insulation unit. After turning off the AC after 11:00 p.m., the LDK (living room, dining room, kitchen room) air temperature rapidly increased close to the exterior wall surface temperature in an outside unit. At 1:00 a.m., the LDK temperature increased to 26.8°C. Meanwhile, the LDK temperature was more stable in the interior insulation units. At 1:00 a.m., the LDK temperature increased to 26.3°C, which was about 0.5°C lower than the temperature in the outside insulation unit. Between turning off the AC at 11:00 p.m. and turning it on again the next day morning at 7:00 a.m., the LDK temperature in the outside insulation unit increased to 26.9°C, and it increased to 27.0°C in the interior insulation unit.
As shown in Figure 5 , the exterior wall surface temperature did not vary with the outside air temperature or the LDK air temperature during the daytime. Even when the AC was turned off after 9:00 a.m., the high thermal storage capacity of the concrete wall kept the indoor temperature from increasing quickly. Therefore, the lower indoor air temperature reduced the cooling load during that first hour when the AC was turned on. In the case of the interior insulation unit, however, the wall surface temperature increased significantly. For cooling the LDK air temperature, the cooling load of the interior insulation unit was higher than that of the outside insulation unit during the first hour During winter nights, the LDK air temperature kept dropping after the heater was turned off until the next morning. Figure 6 shows that the LDK temperature started dropping after the heater was turned off (11:00 p.m.). In the outside insulation unit, the dropping speed is fast until the LDK air temperature was close to the structure's surface temperature. The air temperature change in the interior insulation unit, however, was more stable compared with the outside insulation unit. Two hours after the heater was turned off (1:00 a.m.), the LDK air temperature was 16.9 • C, which was 0.9 • C higher than in the outside insulation unit. At 7:00 a.m., before the heater is turned on, the LDK temperature in the interior insulation unit was 0.8 • C lower than that in the outside insulation unit. This lower temperature contributed to a higher heating load (2%) in the first hour after the heater was turned on.
In the second hour after the heater was turned on, the heating load for the interior insulation unit was 42% lower than that in the outside insulation unit. The total heating load for these two days in the interior insulated unit was 58% lower than that in the outside insulated unit. 
Indoor Air Temperature Distribution in Winter Nights
Rapid air temperature decreases in the winter lead to an increase in blood pressure and increase the risk of cerebral hemorrhage [20] . Every 4°C drop in indoor air temperature increases cardiovascular disease mortality by 5% [21] . Reducing air temperature differences among rooms in one unit could promote indoor thermal comfort and contribute to resident well-being, especially for older residents on winter nights. Figure 7 compares air temperature differences between a master room and two other rooms that might be used during the night (the toilet and a child's room). In the night, from 10:00 p.m. to 7:00 a.m. on the second day when the heater was used only in the master room, the air temperature difference could increase to more than 10°C between the master room and the other two rooms. The temperature difference in the interior insulation unit was up to 1.5°C lower than that in the outside and inside insulation units.
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Master Room and Child's Room Figure 7 . Air temperature difference from 9-10 January between the master room and toilet and the master room and child's room with three insulation styles, using AC 3 in Tokyo.
Conclusions
This research proposed and investigated an innovative insulation style using interior insulation. First, we calculated the thermal loss. By comparing the calculation results, we investigated the thermal loss caused by thermal bridges in order to demonstrate the advantages of using the proposed interior insulation. The thermal bridge had distinct effects on a building's environmental properties, and this could be solved with installing interior insulation. We simulated and compared the AC energy use and indoor thermal comfort of the unit with three insulation styles in seven cities. The AC load varied in different cities and seasons. The annual AC energy use of an interior insulation unit 
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This research proposed and investigated an innovative insulation style using interior insulation. First, we calculated the thermal loss. By comparing the calculation results, we investigated the thermal loss caused by thermal bridges in order to demonstrate the advantages of using the proposed interior insulation. The thermal bridge had distinct effects on a building's environmental properties, and this could be solved with installing interior insulation. We simulated and compared the AC energy use and indoor thermal comfort of the unit with three insulation styles in seven cities. The AC load varied in different cities and seasons. The annual AC energy use of an interior insulation unit was lower compared to outside and inside insulation units under all conditions. In summer, the air temperature in an interior insulation unit was lower compare to the others when the AC was not in use.
In winters, the interior wall surface temperature for an interior insulation unit was higher than that for an outside insulation unit. A cold interior surface had a higher heating energy use. Interior insulation also could be used to reduce temperature differences among rooms in one unit, contributing to resident well-being and reducing the mortality rate of individuals with cardiovascular disease on winter nights. This research compared the three different insulation types and demonstrated the environmental advantages of interior insulation. In the process of sustainable building design, a complete insulation system should be introduced according to the local climate conditions and other construction considerations.
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